Abstract: Colon cancer is one of the most common cancers in many regions of the world and is prevented by dietary interventions. This study aimed to examine the chemopreventive effect of silk protein, sericin, against 1,2-dimethylhydrazineinduced colon tumorigenesis in rats in comparison with control casein diet. The result showed that 5 out of 14 of casein fed rats developed colon tumors, whereas only 1 from 14 sericin fed rats exhibited tumors. Consumption of sericin prior to or during carcinogen exposure reduced the number of aberrant crypt foci. In addition to crypt number, crypt multiplicity was less progressive in sericin fed group. The sericin diet also exhibited anti-oxidant activity as evidenced by reduced lipid peroxidation in the colons. This finding suggests that consumption of sericin may reduce the progression of colon tumor development possibly by suppressing the initiation and promotion stages of colon tumorigenesis.
Introduction
Colon cancer is one of the most common human cancers worldwide. It is prevalent in high income countries, but it is now increasing in middle and low income countries (Labianca et al. 2004 ). Its incidence is generally low in Thailand compared with other countries but highest in Bangkok (Khuhaprema & Srivatanakul 2008) . This rate is expected to be rapidly increased in the next decade probably due to the acquisition of western lifestyle. Western style diet (high in fat, refined carbohydrate and red meat, and low in dietary fiber) is the major risk factor of colorectal cancer (Rogers et al. 1993 ). Since diet is important for colon cancer development, dietary interventions have received much attention as one of the approaches to prevent this type of cancer (Johnson 2004) .
Several experimental studies have proposed that the protective effects of diets rich in fruits and vegetables against colon carcinogenesis are thought to be due to their content of anti-oxidant vitamins and fiber (Levi et al. 2001; Campos et al. 2005) . Many proteins such as those found in wheat bran, soy bean, buckwheat and whey also reduce the development of colon cancer in animal models (Compher et al. 1999; Takahashi et al. 1999; Hakkak et al. 2001; Liu et al. 2001; McIntosh & Le Leu 2001; Belobrajdic et al. 2003; Badger et al. 2005) . However, these proteins are largely digested before reaching the large intestine and thus of limited effectiveness while something which remains intact might prove to be more protective. One such indigestible protein is sericin, i.e. an edible non-dietary protein isolated from silk cocoon, and it thus might be used to prevent colon carcinogenesis in animal models.
Sericin is a glue protein secreted from the middle part of silk gland of silkworm, Bombyx mori (Gamo et al. 1977; Kundu et al. 2008) . Its molecular weight ranges from 20 to 400 kDa with high content of serine, glycine and aspartic acid (Tokutake 1980; Zhang 2002) . Many biological actions of sericin have been reported including anti-oxidation (Kato et al. 1998; Dash et al. 2008) , tyrosinase inhibition (Kato et al. 1998) , anti-coagulation (Tamada et al. 2004) , chemoprevention (Zhaorigetu et al. 2001 (Zhaorigetu et al. , 2003a (Zhaorigetu et al. ,b, 2007 , liver and gastric protection (Li et al. 2008) and cholesterol lowering (Limpeanchob et al. 2010; Okazaki et al. 2010) . Furthermore, sericin can suppress colon tumorigenesis when fed to 1,2-dimethylhydrazine (DMH)-treated animals due to its ability to reduce colonic oxidative stress and cell proliferation (Zhaorigetu et al. 2001 (Zhaorigetu et al. , 2007 .
Generally, sericin proteins consist of various lengths of polypeptides depending on separation techniques and the degumming procedure. This heterogeneity can cause different sericin preparations to display variable biological activities as was the case for mammalian cell proliferation in culture where small sericin (5-100 kDa) was more effective than larger sericin (50-200 kDa) (Terada et al. 2005) . Previous work has shown a chemoprotective effect of 30 kDa sericin (Zhaorigetu et al. 2001 (Zhaorigetu et al. , 2007 . Sericin used in our study ranges from 67 to 132 kDa. Because of the differing effects related to molecular size, we therefore aimed to test whether our sericin could also replicate this chemopreventive effect. We used carcinogen treated rats taking oral sericin, and find chemoprotective actions as shown by measuring aberrant crypt foci (ACF) and crypt multiplicity and also colonic oxidative stress.
Material and methods
Chemicals DMH, methylene blue and most chemicals were purchased from Sigma Chemical Company (St. Louis, MO, USA). Sericin (67-132 kDa) was isolated and provided by the Institution of Agricultural Technology, Suanaree University of Technology, Nakhon Ratchasima, Thailand. The specific extraction procedure is defined in Thai Patent No. 080595.
Animal experimental protocol
Male Sprague-Dawley rats (120-160 g) were purchased from the National Laboratory Animal Centre, Mahidol University, Thailand. The experimental procedure was approved by the Animal Research Ethics Committee, Naresuan University, Thailand. The animals were housed two per cage at 24 ± 2
• C with a 12 h light-dark cycle. All rats were fed the assigned experimental diet (Table 1 ) and water was supplied ad libitum. The experimental diets were prepared by mixing standard rat diet with 4% casein or sericin. After 1 week of acclimatization, the rats were divided into 5 groups. Six rats/group were used for groups 1 and 2 as control rats and for the post-sericin (group 5). For the experimental animals (groups 3 and 4), 14 rats/group were used. The protocol is shown in Figure 1 . Groups 1 and 3 were fed the casein diet, whereas groups 2 and 4 were fed the sericin diet. The last group (post-sericin) received the casein diet for the first 5 weeks and thereafter it was replaced by the sericin diet. Group 3, 4 and 5 animals were subcutaneously injected with DMH (20 mg/kg body weight) once a week for 10 weeks. Groups 1 and 2 were injected with carrier (1 mM EDTA, pH 6.5) for the same period. Food consumption and body weight were recorded weekly throughout the entire 20 weeks. Ten weeks after the last DMH injection, all rats were euthanised, the colons removed and flushed with cold phosphate buffer saline (PBS), pH 7.4. The colon was divided into three parts: proximal, middle and distal. Each part was then cut into three segments to measure ACF and lipid peroxidation. 
Determination of ACF
The colons were opened along the longitudinal median axis and fixed flat between two pieces of filter paper in 10% neutral formalin buffer for 6 h. The colonic tissues were stained with 0.2% methylene blue in PBS for 5 min, placed on microscope slides and ACF observed under a microscope. Aberrant crypts were distinguished from the surrounding normal crypts by their increased size and thicker epithelial lining compared to normal crypts. They usually clustered as an ACF, consisting of one or more aberrant crypts and the number of these ACFs in each of colon part was recorded. The surface area of ACF was analyzed by an Axiovision imaging system (Carl Zeiss, Jena, Germany). Crypt multiplicity was analyzed by determining the number of crypts in each focus.
Lipid peroxidation of colon tissue
Peroxidation of lipids within the colon was estimated by thiobarbituric acid reactive substances (TBARs) assay (Upasani et al. 2001) . Briefly, the colon was homogenized with ice-cold PBS (pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), incubated with TBARs reagent (40% TCA, 1.4% TBA, and 8% HCl; 1:2:1) and heated at 90
• C for 1 h. After centrifugation, the fluorescent intensity was measured at Ex 535 nm and Em 595 nm. Peroxidation was standardized against the protein content of colon homogenate determined using bicinchoninic acid protein assay kit (Thermo Fisher Scientific Inc., IL, USA).
Statistical analysis
All data were expressed as means ± standard deviation (SD). Data were analyzed by one-way analysis of variance (ANOVA) followed by Scheffe's and Duncan's multiple ranges test using a commercially available statistics software package (SPSS for Windows, version 11.0). Differences were considered to be significant when p ≤ 0.05.
Results

Body weight and food consumption
Rats were fed the experimental diet containing 4% sericin or casein (Table 1) . The body weight gains of all groups were similar (Table 2) . However, food consumption was slightly increased in the DMH-treated rats, compared to normal rats (groups 1 and 2). The type of protein fed to the animals had no effect on body weight or food consumption. During the entire experimental period, the animals appeared to be in good health.
Incidence and distribution of ACF and tumor development in rat colons
ACFs are considered to be an early sign of colon tumorigenesis. There were no ACFs or tumor in the colon of control rats, groups 1 and 2. However, all DMHtreated rats (groups 3, 4 and 5) showed ACFs with an increasing density along the length of the colon (Table 3). Their density was markedly lower in the sericintreated rats (group 4 and 5) compared to those receiving casein (group 3) (Table 3) . ACFs were observed in the proximal colon of the casein-treated animals but not in either sericin fed groups. Furthermore, colonic tumors were found in 5 of the 14 casein-fed rats (36%) but only in one of the 14 sericin-fed rats (7%). For the post-sericin fed group, there was no sign of any tumors (Table 3 ). These observations suggest that consumption of the sericin-containing diet suppresses or delays colonic tumorigenesis irrespective of whether intake was before or during the exposure of carcinogen. Crypt multiplicity of ACF Crypt multiplicity representing a number of aberrant crypt in each foci (crypts/ACF) was analyzed (Table 4). Since most ACFs were distributed in the distal colon, multiplicity of ACF in this part of colon was analyzed and divided into five categories depending on the number of crypts in each foci (1, 2, 3, 4 and ≥5 crypts/ACF). The numbers of small ACF (1 and 2 crypts/ACF) were not different among three groups (Table 4 ). In both sericin fed groups, the numbers of large ACFs (≥3 crypts/ACF) were lower than those of casein diet group. Because it was difficult to distinguish individual crypts in the largest ACFs (≥5 crypts/ACF), we instead measured their surface area. As shown in Table 4 , the average size of large ACFs in the casein diet group was 0.13 ± 0.05 mm 2 , while smaller ACF (0.10 ± 0.05 mm 2 ) was observed in rats fed sericin diet. Taking all data together, sericin consumption, prior to carcinogen exposure, appears to reduce ACF density as well as crypt multiplicity suggesting that the diet suppresses both ACF formation and progression.
Lipid peroxidation of distal colon
The production of malondialdehyde (MDA) is a measure of lipid peroxidation. Since sericin had most effect on the distal part of the rat colon, this determination was confined to this segment of colon. The clear result from this data is that sericin in the diet reduced MDA levels resulting from DMH administration (Table 5) . Among normal rats, the lipid peroxidation in sericin fed rats (group 2) was slightly lower than that of casein fed rats (group 1), although this difference did not reach statistically significance (p = 0.07). Sericin consumption either prior or during DMH-treatment seemed to reduce lipid peroxidation product in colons compared to that of casein diets. This result suggests the antioxidative effect within the intestinal tract of sericin diet.
Discussion
The present study demonstrated that sericin reduced the incidence of colon tumor and delayed the progression of tumorigenesis in DMH-treated rats. These effects were similar irrespective whether the sericin was consumed before or after the exposure of DMH carcinogen. All DMH-treated rats had slightly higher food consumptions compared to normal rats. Although the explanation for this phenomenon is uncertain, colon tumorigenesis may influence gut hormones controlling appetite or promote absorptive efficiency.
DMH, an alkylating agent, is metabolized and glucuronated by the liver, and excreted via the bile into the gut where microbial β-glucuronidase releases the active carcinogen (Celik et al. 1983; Yoo et al. 2001) . Thus, DMH initiates tumorigenesis within the colon. In this study, DMH administration consistently induced the development of ACF along the length of the colon such that there were none in the proximal segment and large reductions especially in the distal part of colon. In addition, the sericin diet reduced the incidence of tumor development from 36% (5 from 14 rats) to 7% (1 from 14 rats). This observation suggests that sericin is chemopreventive against colon tumorigenesis.
The appearance of ACFs is thought to reflect the initiation step of colon carcinogenesis, whereas the increase in number of aberrant crypts per ACF or crypt multiplicity implying sizes of ACF corresponds to the progression or promotion step of the disease (Zhang et al. 1992; Magnuson et al. 1993; Fenoglio-Preiser & Noffsinger 1999) . Consumption of sericin prior to the exposure of carcinogen appeared to reduce both the density and size of ACF. When sericin was consumed during carcinogen exposure, sericin reduced ACF formation despite crypt multiplicity was not obviously affected. This finding suggests that the sericin diet suppressed both the initiation and promotion stages of colon tumorigenesis and consequently delayed the process of tumor development.
Different sized sericins are thought to differently affect its biological properties. Small sericin was reported for mitogenic property which consequently su-perior promoted cell proliferation compared to larger sericin (Terada et al. 2005) . These phenomena were, however, observed only in cell culture. But in animal models, small sericin (30 kDa) was found to suppress colon tumors due to its ability to reduce colonic cell proliferation. Our conclusions using 67-132 kDa sericin are essentially the same as those drawn by Zhaorigetu et al. (2001 Zhaorigetu et al. ( , 2007 using 30 kDa sericin. Therefore, the chemopreventive effect of sericin may not be associated with its molecular size.
Sericin is a resistant protein with low digestibility, which exerts physiological function similar to dietary fibers and makes it beneficial for health of colon (Sasaki et al. 2000; Kato & Iwami 2002) . Some indigestible proteins can alter the large bowel microflora and result in the production of short-chain fatty acids such as acetate, propionate and especially butyrate that have potential effects on the prevention and inhibition of colon carcinogenesis (Scheppach et al. 1992; Morita et al. 1998) . A recent study showed that undigested sericin elevates fecal immunoglobulin A, mucins and cecal organic acids in rat colon (Okazaki et al. 2011 ). Thus, the preventive effect of undigested sericin against colon tumorigenesis in rats is possibly associated with the elevation of such intestinal organic acids.
The chemopreventive effect of sericin may involve the amino acid composition of this protein. High content of arginine and glycine in buckwheat protein is suggested to be responsible for its protective effect against colon tumorigenesis (Liu et al. 2001) . The amount of glycine in sericin is approximately 16% which is considerable higher than the 1.6% glycine content in casein (Morita et al. 1997 ). This idea is supported by evidence that dietary supplementation of glycine inhibits the growth of B16 melanoma tumor in mice (Rose et al. 1999) . Because undigested sericin is thought to play a role for its chemopreventive effect, high glycine content may not be essential. Further study is, however, required before coming to this conclusion.
DMH is metabolized to a methyl radical which with metal ions generates hydroxyl radicals or hydrogen peroxide causing lipid peroxidation (Dudeja & Brasitus 1990) . A sericin diet was previously shown to reduce oxidative stress in the colon mucosa that might, at least in part, lead to the reduction of cell proliferation (Zhaorigetu et al. 2001) . In this study, sericin diet also reduced lipid peroxidation of rat's colons compared to casein diet. Reduction of colonic oxidative stress by sericin might partly play a role in suppression of ACF and tumor formation.
In conclusion, the chemopreventive effect of sericin against colon tumorigenesis was demonstrated herein by suppression of tumor and ACF development as well as crypt multiplicity, suggesting its ability to reduce both initiation and promotion tumorigenesis stages. A sericin diet could suppress or decelerate colon tumorigenesis process whether or not its intake before or during the exposure of carcinogen. Thus, sericin is one of the interesting food supplements exhibiting various beneficial effects for human health, particularly to prevent colon tumorigenesis.
